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Color Variation Reduction of GaN-Based
White Light-Emitting Diodes Via
Peak-Wavelength Stabilization
Huan-Ting Chen, Member, IEEE, Siew-Chong Tan, Senior Member, IEEE, and S. Y. (Ron) Hui, Fellow, IEEE
Abstract—The color, electrical, and thermal properties of LED
devices are highly dependent on one another. The peak wavelength
of GaN-based white LED shifts in opposite directions under the
influences of current and junction temperature change. This af-
fects the correlated color temperature (CCT). Importantly, duty
cycle control for LED dimming does not provide constant color
(against conventional wisdom). An analysis model that links the
peak wavelength, electrical, and thermal properties of LED de-
vices is proposed. The color-shift trend of the LED with respect
to the changes in its thermal and electrical operating conditions is
described. The stabilized CCT performance of a dc or a bilevel-
driven LED over a dimming range is found to be a result of the
complex interactions between the selected current levels, duty cy-
cle, thermal resistances of the heatsink and device, heat dissipation
conversion ratio, and the physical parameters of the LED device.
The predicted color variation is verified by experimental results,
which demonstrate that the CCT stabilization of an LED with a dc
drive requires less thermal energy than that with a bilevel drive.
For a given thermal design, the reduction in CCT variation during
light intensity change is possible via the combined adjustment of
the current level and its duty cycle over the dimming operation.
Index Terms—Correlated color temperature (CCT), color con-
trol, light-emitting diode (LED), lighting system, n-level driving,
white LED.
I. INTRODUCTION
DUE to its small size and long lifetime, the high-powerlight-emitting diode (LED) is considered an attractive can-
didate for replacing incandescent and fluorescent lightings for
general energy-efficient illumination purpose. However, there
are still some critical aspects requiring attention when it comes
to applying LED for general lighting. The issue lies mainly on
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the junction temperature of LED, which is an important pa-
rameter affecting the lifetime, efficiency, forward voltage drop,
and spectral power distribution of the device, when it comes to
designing a high-quality light source [1], [2].
When current flows through the LED, most of the electrical
energy is converted into heat, which is accumulated at the de-
vice junction. An increasing current will generate more heat,
which consequently reduces the quantum efficiency, thereby
lowering the luminous efficacy of the LED and also shifting the
spectrum of the emitted light. The light output of a packaged
LED reaches a maximum level at a certain current density, and
thereon decreases with an increasing current density. The rela-
tionship of the photometric, electrical, and thermal aspects of
the LED have been described by a photo-electro-thermal (PET)
theory for LED systems and applications [3], [4]. It has been
demonstrated that operating the LED at its rated power does not
necessarily guarantee an optimal luminous performance unless
proper thermal design is considered [5].
Chromatically, the spectrum of a GaN-LED shifts toward
shorter wavelengths (i.e., blue shift) with an increasing current.
This is due to the piezoelectricity-induced quantum confined
Stark effect [6]. On the contrary, there is red shift in the spec-
trum of the GaN-LED with an increasing temperature. This is
attributable to the variation in the semiconductor bandgap due
to the change in temperature [7]. Chromaticity shift that results
from the change in the spectrum are affected by the change in
amplitude, peak wavelength, and full-width-at-half-maximum
parameter of the spectrum. In the case of RGB white LED sys-
tems, a change of less than 1% in amplitude or 1-nm shift in
the peak wavelength of certain colored LEDs can result in a
perceivable color change [8].
The color deviation of the emitted light of an LED is mainly
attributed to the variation of the electrical and thermal stresses
on the LED device. For multicolored LED systems, the color
deviation can be compensated by feedback control using light
spectrum/temperature detectors, color evaluation system, and
circuit control [9]. For components made up of phosphors, their
endurance property is the critical feature that diminishes any
color variation resulting from an incident light photon. A high-
and-stable light quality is demanded from the white LEDs in the
domain of general lighting [1], [2].
To allow one to obtain high-color-quality light from the white
LEDs, it is necessary to first understand the mechanisms that
will affect the color deviation. It is known that the main reason
for a shift of the spectrum (i.e., color variation) of an operat-
ing LED is due to the change of its junction temperature or
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driving current. It is also known that the spectrum is also af-
fected by its package materials (i.e., phosphor and silicon etc.),
which degrade over their operating lifetime, leading to further
deterioration of the spectrum consistency. For this reason, to
achieve high color reliability in white LEDs, highly reliable
materials for the packaging, such as phosphors, transparent sil-
icon, blue chips, and reflectors, are developed. Furthermore,
well-structured packages preventing heat accumulation in the
phosphor materials of the LED device, which help in reducing
color deviation, should be employed [10].
White LEDs driven by dc, pulsewidth-modulated (PWM)
current, and bilevel current exhibit different color shift prop-
erties [11], [12]. This feature must be considered when it comes
to designing a color-stable LED-based lighting system. Similar
to other light sources used for general lighting, white LEDs have
to satisfy the dimming needs of general illumination and concur-
rently conforming to the color-shift requirement. A noticeable
color shift during dimming is generally unacceptable in some
general lighting applications. With different dimming schemes,
the spectrum and luminous efficacy change of the LEDs are
different. For the InGaN-based blue, green, and pc-white LEDs,
the peak wavelength shifts in opposing directions under the dc
and PWM dimming schemes. In particular, with dc dimming,
the peak wavelength shows a blue shift with increased light in-
tensity (i.e., increased current level). This is attributed to the
band filling and quantum-confined Stark effects [6]. With PWM
dimming, InGaN LEDs exhibit a red shift with increased light
intensity (i.e., increased duty cycle). This is dominantly caused
by the increase in junction heat [10].
A thermal management approach for minimizing the color
shift of white LEDs under dc, PWM, and bilevel drive, through
the design of the heatsink, has been proposed in [12]. The the-
oretical aspects and impact of the n-level driving technique,
which includes bilevel driving, on the color-shift and luminous
efficacy properties of white LEDs are discussed through a math-
ematical model [13]. Stationary and adaptive color-shift reduc-
tion methods are proposed based on this model [14]. However,
worth noting is that the works presented in [12]–[14] are based
on a simplistic thermal model of the LEDs which does not re-
flect the true luminous and color properties of the LED, as will
be explained later in this paper.
Chromaticity values are commonly used for characterizing
the color appearance of a light source. Parameters commonly
used for quantifying perceivable color difference are the color
temperature and the chromaticity coordinates. In LED driving,
most literatures have been focused on how the variations of
these parameters are minimized when dimmed to achieve high-
quality lighting. Few have investigated the change of the peak
wavelength of LED under electrical and thermal stresses.
In this paper, a report describing the actual behavior of the
peak wavelength of white LEDs during dimming and a realistic
mathematical model linking the complex relationships between
the peak wavelength, the drive current, and the junction tem-
perature over dimming are presented. In addition, a systematic
method for minimizing CCT variation in an LED system under
various driving schemes is proposed. Experimental results are
provided to validate the model and the proposed design.
II. PEAK-WAVELENGTH MODELING WITH CONSIDERATION TO
THE THERMAL AND ELECTRICAL FACTORS
Light emission of LEDs is the result of the spontaneous re-
combination of electron–hole pairs at the junction of the LED
which simultaneously releases photons. Based on the donor–
acceptor pair composition theory [15], the transitional photon
energy can be expressed as
hvp = h
C
λp
= (Eg − ED + EA ) + e
2
4πεRε0
(1)
where h is the Planck constant, vp is the peak frequency, c is
the speed of light, λp is the peak wavelength, Eg is the bandgap
energy, ED and EA are, respectively, the binding energy of
the donor and acceptor, e is the elementary charge, ε is the
dielectric constant, R is the distance of the donor–acceptor pair,
and ε0 is the vacuum dielectric constant. Thus, the emission peak
wavelength of LEDs can be designed by the proper choice of the
semiconductor material with an appropriate bandgap energy.
The energy of photons emitted from a semiconductor is given
by its bandgap energy Eg . In an ideal diode, every electron
injected into the active region will generate a photon. Law of
energy conservation indicates that the injected electron energy
(eV) is equal to the photon energy (hvp), such that
eV = hvp = (Eg − ED + EA ) + e
2
4πεRε0
(2)
where V is the forward voltage applied to the LED. The energy
of an injected electron is converted into photon energy and is
dependent on the process of electron–hole recombination. There
are, however, several mechanisms which will cause the actual
forward voltage of the LED to be slightly different from that
extractable from theory. Firstly, an LED is not an ideal device
and it contains a series resistance Rs resulting from the contact
resistance and bulk resistance, which will contribute as a voltage
drop of IRs on the device when current I flows through the LED.
Secondly, during the electron–hole injection process, the energy
ΔEel of electron and hole into the quantum well may be lost.
The energy loss ΔEel due to nonadiabatic injection of carriers is
relevant in semiconductors with large band discontinuities [15].
The voltage drop ΔVel due to energy loss ΔEel can be expressed
as ΔVel = ΔEel/e. Therefore, the total voltage drop across an
LED is given by
V =
Eg
e
+ IRs + ΔVel (3)
where the first term on the right-hand side of the equation
(i.e.,Ege ) is the theoretically calculated forward voltage, the sec-
ond term (i.e., IRs) is the voltage drop due to the series resis-
tance of the device, and the third term (i.e., ΔVel) is the voltage
drop due to the energy loss of nonadiabatic injection of carriers
into the active region.
On the other hand, the Shockley equation describes the theo-
retical electrical property of a p-n junction as
I = Is exp
(
eV
nkTj
)
(4)
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where IS is the reverse saturation current, k is the Boltzmann
constant, Tj is the absolute temperature of the junction, and n
is the ideality factor of the diode [16], [17]. For a perfect diode,
the ideality factor is 1.0. The ideality factor of most GaN-LED
is more than 2 [18]. The high ideality factor of GaN-LED is
attributed to tunneling and the influence of rectifying hetero-
junctions and metal–semiconductor junctions that are present
in heterostructure diodes. The I–V characteristic based on the
Shockley equation requires modification to account the series
resistance Rs . Hence, a more accurate electrical model of the
LED can be given by
I = Is exp
[
e (V − IRs)
nkTj
]
(5)
where the reverse saturation current is given by
Is =eA exp
[√
Dp
τp
n2i
ND
+
√
Dn
τn
n2i
NA
]
=βT 2j exp
(
− eV0
kTj
)
.
(6)
Here, Dn and Dp are, respectively, the electron and hole dif-
fusion constants, τn and τp are, respectively, the electron and
hole minority-carrier lifetimes, NA and ND are, respectively,
the acceptor and donor concentrations, ni is the intrinsic car-
rier concentration, β is a constant parameter determined by the
impurity concentration and junction area, V0 is the potential
difference between the bottom of the conduction band and the
top of the valence band at a temperature of 0 K.
By combining (5) and (6),
I = βT 2j exp
(
− eV0
kTj
)
exp
[
e (V − IRs)
nkTj
]
. (7)
The rearrangement of (7) with V as the subject of the function
gives
V = nV0 +
nkTj
e
ln
(
I
β
)
− 2nkTj
e
ln (Tj ) + IRs. (8)
By substituting (8) into (3), the bandgap energy can be ex-
pressed as
Eg = enV0 + ln
(
I
β
)
nkTj − ln (Tj ) 2nkTj − eΔVel. (9)
Next, by substituting (1) into (9), the peak wavelength λp and
peak frequency νp can be obtained as
c
λp
=υp =
enV0
h
+ln
(
I
β
)
nkTj
h
−ln (Tj ) 2nkTj
h
− eΔVel
h
.
(10)
Equation (10) relates the peak wavelength λp and peak fre-
quency νp to the injection current (I) and junction temperature
(Tj ). Differentiating (10) with respect to Tj gives
d (vp)
d (Tj )
=
en
h
dV0
dTj
+ln
(
I
β
)
nk
h
− 2nk
h
[ln (Tj )−1]− e
h
dΔVel
dTj
.
(11)
It is noted that the first and the fourth terms of the right-
hand side of (11) (i.e., enh dV0dTj and eh
dΔVe l
dTj
, respectively) can be
ignored. Since Vo is a constant, dVo /dt is zero. The dΔVel/dt
is a second-order derivative which is negligible. Hence, with
consideration that the junction temperature is a function of the
ambient temperature Ta and the associated physical parameters
of the LED and its heatsink [3], (11) can be simplified into
d (νp)
d (Tj )
=
d
(
c
λp
)
d (Tj )
= ln
(
I
β
)
nk
h
− 2nk
h
[ln (Tj ) − 1]
= ln
(
I
β
)
nk
h
− 2nk
h
{ln [Ta + (Rjc + NRhs) khIV ] − 1} . (12)
As shown in (12), the peak frequency–temperature sensitivity
is related to the injection current I , the heat dissipation coef-
ficient kh , and the thermal resistances of the LED device Rjc
and its heatsink Rhs . Several important observations are drawn
from (12) and are given as follows:
1) For the same injection current, the peak frequency–
temperature sensitivity is higher with a lower heatsink
thermal resistance. If a larger heatsink (i.e., lower Rhs)
is used, the smaller the shift of the peak wavelength
becomes.
2) For the same heatsink, the peak frequency is less sensitive
to temperature variation at a lower current.
3) It has been shown in [13] that with the same heatsink and
average injection current, driving the LED with a dc cur-
rent gives a higher light output (i.e., high light efficiency)
than that with a bilevel current [13], [19]. This means
that kh of LED with a dc driver is lower than that with
the bilevel driver. Taking this into consideration, it can be
deduced from (12) that the peak wavelength–temperature
sensitivity of an LED with a dc driver is lower than that
with a bilevel driver.
At a constant current, (10) can be expressed as
c
λp
=
nk
h
[
eV0
k
+ ln
(
I
β
)
Tj − ln (Tj ) 2Tj − eΔVel
k
]
=
nk
h
{a + Tj [b − 2 ln(Tj )]} . (13)
As will be illustrated with practical measurements, a is a pos-
itive coefficient and a > |Tj [b–2ln(Tj )]| and b < 2ln(Tj ). Thus,
Tj [b–2ln(Tj )] is a negative term. This suggests that the peak
wavelength λp increases with increasing junction temperature
at a constant current. As shown in Fig. 1, the calculated [using
(13)] and experimentally measured peak wavelength versus the
junction temperature is in good agreement with the explanation
given previously.
The samples under test were mounted to a Peltier-cooled fix-
ture, which was attached to an integrating sphere in accordance
with the recommendations of International Commission on Il-
lumination. The Peltier-cooled fixture was used to stabilize the
LED’s junction temperature for the optical measurements, and
it is also used as an active temperature-controlled cold-plate for
thermal measurements. Therefore, the Peltier-cooled fixture can
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Fig. 1. Measured and calculated peak wavelength versus junction temperature
of the sharp LED (GW5BWF15L00) at a constant current of 240 mA.
be treated as a temperature-controlled heatsink, as shown in the
picture given in Fig. 1.
The optical measurements of the LED samples were per-
formed under steady-state thermal and electrical conditions us-
ing the TeraLED system. Once all the optical measurements
were performed, the LED was switched OFF and the cooling
transient of the LED package was monitored using the transient
thermal tester (T3Ster) [20], [21]. The theoretical framework
of evaluation of T3Ster was based on the distribution RC net-
works. The T3ster captures the thermal transient response in
real time, records the cooling/heating curve, and then evaluates
the cooling/heating curve so as to derive the thermal charac-
teristics. Apart from the thermal and optical measurements, all
temperature-dependent parameters of the LED (such as opti-
cal power, luminous flux, chromaticity coordinates, CCT, etc.)
were measured and recorded. A 5-mA current was applied in
the temperature range of 25–55 ◦C at incremental steps of 10 ◦C
for the calibration of the temperature-sensitive parameters. The
light output and transient thermal curves were measured only
after 20 min of driving the LED while the heatsink temperature
was being kept constant.
At a constant junction temperature, (10) can be expressed as
νp =
c
λp
=
nk
h
[
eV0
k
+ ln
(
I
β
)
Tj − ln (Tj ) 2Tj − eΔVel
k
]
=
nk
h
[
a′ + b′ ln
(
I
β
)]
. (14)
Notably, the peak wavelength decreases with an increasing
current. This is also in good agreement with the calculated re-
sults [using (14)] and the experimental measurement, which are
given in Fig. 2.
Equation (10) incorporates the spectral, electrical, and ther-
mal aspects of the LED altogether. With the LED mounted
onto the heatsink, its junction temperature is related to the in-
jection current and the heatsink’s thermal resistance. The first
component ( enV0h ) and the fourth component (− enΔVe lh )on the
Fig. 2. Measured and calculated peak wavelength versus current of the sharp
LED (W5BWF15L00) at a constant junction temperature of 56 ◦C.
right-hand side of the equation are assumed to be constant. The
second positive component (ln( Iβ )
nkTj
h ) is a monotonically in-
creasing function of junction temperature and current and the
third negative component (− ln(Tj ) 2nkTjh ) is a monotonically
increasing function of the junction temperature.
The variation of the logarithmic contribution is significant
at low injection current I range near zero, but becomes less
dominant as the current becomes larger. In the initial low current
range, the effect of an increasing current on the second term is
larger than that of the thermal effect in the third term. As the
current becomes larger, the thermal effect of the third term
becomes more dominant in affecting the variation of the peak
wavelength. Therefore, at low current level, the increase in the
current will reduce the peak wavelength and upon reaching a
minimum point, the peak wavelength will increase with the
current. This means that the relationship of the peak wavelength
and the LED current is of parabolic nature and has a minimum
value. Such a relationship reflecting the true nature of LEDs was
not considered in the works reported in [12]–[14].
III. SIMPLIFIED MODEL OF PEAK-WAVELENGTH SHIFT
UNDER BILEVEL DRIVING
In this section, a simplified mathematical peak-wavelength-
shift model will be derived for the case of LEDs driven by a
bilevel current. By definition, a bilevel current is a PWM-like
current that pulsates between a higher current level IH and a
lower nonzero current level IL , with a duty cycle D representing
the duration of IH normalized to the pulse repetition time. Inter-
ested readers are referred to [13], which describes the original
n-level driving and where the idea of using the bilevel current
on LED originates from [19]. The average forward current Iave
and the peak wavelength of the LED at steady state can be,
respectively, expressed as
Iave = DIH + (1 − D) IL (15)
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and
vp =
c
λp
=
{
Dvp(IH , Tj )+(1 − D)vp(IL , Tj ) for IL > 0
vp(IH , Tj ) for IL = 0.
(16)
According to (16), the peak frequency vp approaches the
values corresponding to IH and IL at large and small duty cycles,
respectively, but is nonlinearly mixed within the intermediate
duty cycles.
With a change in both D and Tj , the corresponding change
in λp can be expressed as
d
(
c
λp
)
= [vp (IH ) − vp (IL )] dD + D [dvp (IH ) − dvp (IL )]
+ dvp (IL )
= [vp (IH ) − vp (IL )] dD + D
[
d (vp (IH ))
d (Tj )
− d (vp (IL ))
d (Tj )
]
dTj +
d (vp (IL ))
d (Tj )
dTj . (17)
By considering the following assumption,
d (vp (IH ))
d (Tj )
=
d (vp (IL ))
d (Tj )
=
∂vp (I)
∂Tj
(18)
(17), which gives the variation of λp with the change in D and
Tj , can be simplified as
d
(
c
λp
)
= [vp (IH ) − vp (IL )] dD + d (vp (IL ))
d (Tj )
dTj . (19)
The junction temperature Tj for an LED mounted on a
heatsink under bilevel driving is
Tj = Ta + (Rjc + NRhs) [(IH − IL ) khVaveD + ILVavekh ] .
(20)
Next, differentiating Tj with respect to D gives
dTj
dD
= (Rjc + NRhs) (IH − IL ) khVave . (21)
By substituting (21) into (19), the variation of the peak wave-
length on Tj can be expressed as
d
(
c
λp
)
= [vp (IH ) − vp (IL )]
× dTj
(Rjc + NRhs) (IH − IL ) khVave +
d (vp (IL ))
d (Tj )
dTj . (22)
Putting (10) and (12) into (22) gives the expression for the
variation of peak wavelength with respect to the change in Tj as
d
(
c
λp
)
=
[⎛
⎝ln
(
IH
IL
) nk (D + IL(IH −IL )
)
h
⎞
⎠
+ ln
(
IL
β
)
nk
h
− 2nk
h
(
ln
[
Ta + (Rjc + NRhs)
× (DIH + (1 − D) IL ) khVave
] − 1)
]
dTj . (23)
Next, by substituting (21) into (22) and rearranging the equa-
tion with respect to the change in D, we have
d
(
c
λp
)
=
(
[vp (IH ) − vp (IL )] + d (vp (IL ))
d (Tj )
dTj
dD
)
dD.
(24)
Putting (10), (12), and (21) into (24) gives the expression for
the variation of peak wavelength with respect to the change in
D as
d
(
c
λp
)
=
([
ln
(
IH
β
)
nkTj
h
− ln
(
IL
β
)
nkTj
h
]
+
(
ln
(
IL
β
)
nk
h
− 2nk
h
[ln (Tj ) − 1]
)
× (Rjc + NRhs) (IH − IL ) khVave
)
dD. (25)
The corresponding minimum variation of the peak frequency
(dvp)min with respect to the change in D and Tj is
(dvp)min =
([
ln
(
IH
β
)
nkTj
h
− ln
(
IL
β
)
nkTj
h
]
+
[
ln
(
IL
β
)
nk
h
− 2nk
h
[ln (Tj ) − 1]
]
× (Rjc + NRhs) (IH − IL ) khVave
)
= 0. (26)
If the peak frequency variation is reduced to the minimal, the
relationship of the electrical, thermal, and physical parameters
can be obtained by solving (26) to give
[ln (IH ) − ln (IL )] Iave
IH − IL ={
2 [ln ((Rjc + NRhs) kh aveVaveIave) − 1] − ln
(
IL
β
)}
.
(27)
Notably, when the peak frequency variation is minimal, the
peak wavelength variation should be minimal. Several important
observations can be drawn from the equation.
1) Similar to the dc driving method, for bilevel driving,
for the same average LED current the peak frequency-
temperature sensitivity is higher with a lower heatsink
thermal resistance. If a larger heatsink (i.e., lower Rhs)
is used, the smaller the shift of the peak wavelength
becomes.
2) For minimum variation of the peak frequency, the low cur-
rent level IL should be lower than a certain value under a
given thermal design. However, since the left term of (27),
i.e., [ln(IH )−ln(IL )]Iav eIH −IL , must be a positive value, ln(
IL
β )
should be smaller than 2[ln((Rjc + NRhs)khVaveIave) −
1].
3) To stabilize the variation of the peak frequency, IL should
be lower than a certain value depending on the heat dis-
sipation coefficient kh , thermal resistances of device Rjc
and heatsink Rhs , and the physical parameter β.
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Fig. 3. (a) CCT versus current at constant junction temperature of 56 ◦C ; (b) CCT versus junction temperature at constant current of 240 mA.
4) The term ln(IH ) − ln(IL ) is negligible as compared to
IH − IL . Therefore, for a given low current level IL and
average current Iave , the minimum variation of the peak
wavelength depends on the thermal resistance of heatsink.
It is recommended that a larger value of high current level
IH be given for an LED mounted on a heatsink with
low thermal resistance to minimize the peak-wavelength
variation. A lower duty cycle D should be adopted to
maintain a constant Iave in this case.
5) For the same heatsink, the peak wavelength is more sen-
sitive to temperature variation at a lower average current.
6) For a given set of current levels IH and IL , the varia-
tion of the peak wavelength depends on both the thermal
resistance of heatsink Rhs and duty cycle D. If a higher
thermal resistance of the heatsink is chosen, the duty cycle
D should be decreased along with a lower average current
Iave .
According to (13) and (14), the variation of the peak wave-
length is monotonous with the change of junction temperature
and current, and this affects the phosphor emission efficiency,
spectra, and thus the CCT. As shown in Fig. 3, which gives both
the simulation and experimental results, the CCT decreases with
a higher injection current at a constant junction temperature
and increases with a higher junction temperature at a constant
current.
For any given heatsink, the operating point I at which the
minimum peak wavelength λp occurs can be determined. Con-
versely, known values of the operating characteristic of the LED
system can be used for the selection of the heatsink. The pa-
rameters V0 , n, β, and ΔVel are difficult to determine precisely
as they depend on the die material and physical structure of the
LED. These parameters can be found through a genetic algo-
rithm (GA) search using measured results of the LED. With the
measured peak wavelength and current, the GA algorithm used
for finding the optimum solution is
J(n, V0 , C,ΔVel)=min
[∑
(λpi − λ′pi )2 + (Ii − I ′i)2
]
(28)
Fig. 4. Measured peak wavelength with the current of the cool-white LED on
different heatsinks under a dc drive.
where J (n, V0 , C,ΔVel) is the objective function, λpi and λ′pi
are the measured and calculated peak wavelengths, and Ii and I ′i
are the measured and calculated currents. A set of (V0 ,n,C,ΔVel)
can be searched within a domain of potential solutions so that the
function on the right-hand side of (28) is minimized. The validity
of (10) for selecting a heatsink that can influence the changing
trend of the peak wavelength under a dc drive is investigated.
Respectively, Figs. 4 and 5 show the variations of the measured
peak wavelength and CCT with the LED current for a range of
heatsink thermal resistance. It can be seen that a small variation
of the measured peak wavelength can lead to a large variation of
the CCT due to the change in the spectral power distribution. As
shown in (10), the change in current and heat can, respectively,
cause a blue shift and a red shift to the peak wavelength.
The CCT function has a similar parabolic nature as the peak-
wavelength function does (see Fig. 6), and therefore, there are
two current points I1 and I2 , which give the same CCT 12 . These
two points converge at the minimum CCT 0 when I1 = I2 = I0 .
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Fig. 5. Measured CCT with the current of the cool-white LED on different
heatsinks under a dc drive.
As the current increases from I0 to I2 , the effect of blue shift due
to the change of the current gradually diminishes, while the in-
fluence of red shift due to the change of the junction temperature
becomes increasingly dominant (as the temperatures increases
to CCT 12). Conversely, as the current decreases from I0 to
I1 , the degree of the red shift gradually diminishes, while the
blue shift becomes increasingly dominant (as color temperature
increases to CCT 12).
Given a CCT function, a dimming range (I1 − I2) can be
selected to follow a CCT (Δmax–Δmin ) profile as illustrated in
Fig. 6(b). With an LED operating with a CCT curve that has
a small gradient around the minimum CCT point, a relatively
large dimming range with very small CCT variation (i.e., small
sensitivity of the hue variation) is possible. The human sensi-
tivity toward the CCT tolerance (i.e., variation) is different for
a warm and a cool light source. Several important observations
are drawn from Fig. 6 and the ANSI Standard C78.377 [22]:
1) for a warm-white LED (2700 K), if the CCT variation is
limited to less than 145 K for the current range I1 − I2 ,
the color variation will not be noticeable during the entire
dimming process;
2) for a cool-white LED (5700 and 6500 K), if the CCT
variation is limited to 355 and 510 K, respectively, over
dimming, the color variation is not noticeable.
Referring back to Figs. 4 and 5, it is evident that for a
heatsink’s thermal resistance of 1.6 ◦C/W, the overall peak wave-
length of cool-white LEDs under a dc drive is almost constant
with little variation (< 2 nm) for the current between 0.074 and
0.54 A. For the same heatsink, the CCT variation of cool-white
LED is within 177 K when the dimming current changes from
0.08 to 0.54 A (i.e., a dimming range of 0.46 A). Note that with
a heatsink’s thermal resistance of 1.6 ◦C/W, the color variation
of the cool-white LED under the full dimming range is obvi-
ously not noticeable. With the thermal resistance increased to
3.5 ◦C/W, the CCT variation is increased to within 231 K for the
same current range, which is still below the perceptible CCT
limit of 355 K. However, if the thermal resistance is increased
to 6.6 ◦C/W, the CCT variation will be significantly increased to
480 K, which exceeds the limit. To ensure that the CCT variation
is kept within the acceptable limit, the operating current range
can be reduced to range of 0.08 to 0.44 A. Clearly, a smaller
thermal resistance of the heatsink leads to a larger dimming cur-
rent range with a minimal change of the peak wavelength and
CCT.
IV. CCT SHIFT REDUCTION METHODS BASED
ON BILEVEL AND DC DRIVES
A. CCT Shift Reduction Under Steady State
As discussed, the choice of a suitable dimming range could ef-
fectively reduce the overall CCT variation. The optimal operat-
ing range in terms of hue can be selected simply by choosing the
current range and a suitable heatsink. To further reduce the CCT
variation, the control of the heatsink temperature through active
means can be adopted. For example, further color-shift reduction
can be accomplished dynamically by an adaptive change of the
junction temperature with a temperature-controlled heatsink.
1) Under a DC Drive: Fig. 7 shows the measured CCT
points of an LED under the dc drive, of which the CCT is
kept within limit through the reduction of the heatsink tempera-
ture. The permissible range of controllable temperature for the
LED with a heatsink of thermal resistance of 10.6 ◦C/W is wider
than that of thermal resistance of 1.6 ◦C/W. For a given current,
the temperature sensitivity of the peak wavelength depends on
the thermal resistance of the heatsink. Therefore, for the same
current, the peak frequency–temperature sensitivity of an LED
mounted on a smaller heatsink with a higher Rhs will be higher.
For a current of 0.64 A, Fig. 7(a) shows that the temperature of a
heatsink with a thermal resistance of 1.6 ◦C/W has to be reduced
by 18.0 ◦C, in order to adjust the CCT to the minimum value
of the parabolic curve. But for a heatsink with a large thermal
resistance of 10.6 ◦C/W, its temperature has to be reduced by
61.0 ◦C for the same minimum CCT value.
Note that with the thermal resistance of 1.6 ◦C/W, the ampli-
tude shift of the CCT is very small within the optimized range.
This implies the following:
1) if the thermal design is not restricted by space, a big
heatsink with low Rhs should always be selected for the
LED system in order to effectively reduce the overall CCT
variation;
2) with an active temperature control, an LED system with
a lower Rhs requires less thermal energy for controlling
and stabilizing the CCT than that with a higher Rhs .
As illustrated in Fig. 8, if the LED is driven by a dc current,
the light output of the LED will reach a maximum level at a
certain current, and then decreases as the current increases. The
control of light output using the dc drive current is achieved
by adjusting the forward current flowing through the LED via
a current sensing and voltage feedback-control mechanism. In
the case of bilevel driving (or n-level driving), a lower current
Imin is applied to the LED for a time period tOFF to produce
a luminous flux Φv min , and then followed by a higher cur-
rent Imax for a time period tON to produce a luminous flux of
Φv max . The actions are repeated periodically. Thus, the average
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Fig. 6. (a) Example of reducing peak wavelength variation using the bottom region of the peak wavelength curve ; (b) example of reducing CCT variation using
the bottom region of the CCT.
Fig. 7. Measured CCT of an LED under a dc drive with and without
heatsink temperature control. Heatsink thermal resistance of (a) 1.6 ◦C/W and
(b) 10.6 ◦C/W.
luminous flux is a linear function given by Φv ave = DΦv max
+(1−D)Φv min which corresponds to the average applied
current described in (15). Thus, the light output is controlled
by adjusting the duty cycle, which can be more precise than the
adjustment of the current level.
2) Under a Bilevel Drive: A comparison of the luminous
flux curve of the dc drive and bilevel drive shows that the
flux difference ΔΦv between the bilevel and dc drives with
Fig. 8. Typical luminous flux characteristic of LED under dc and bilevel
current drive with different heatsinks.
the same average current decreases when the thermal resistance
of heatsink is smaller because the duty cycle average of the
bilevel drive is dominated by the higher current Imax , which
has a lower energy-efficiency operating point. In general, the
electrical power of the LED comprises two portions, namely,
the optical power portion and the heat portion (defined as kh
which is the ratio of heat power over the total electrical power).
From the previous analysis, two points should be noted:
1) for any given electrical power, kh of the LED under a
bilevel drive is higher than that of a dc drive, leading to a
higher junction temperature;
2) with a lower Rhs , the difference in the range of kh between
the bilevel and the dc drive is wider and should be reduced.
As shown in Fig. 9, the CCT variation of an LED can be
reduced by controlling the heatsink temperature under a bilevel
drive. For an average current of 0.54 A, in order to adjust the
CCT to the minimum value (i.e., the inflection point of parabolic
curve), the temperature of the heatsink with a thermal resistance
of 1.6 ◦C/W should be decreased by 23.0 ◦C [Fig. 9(a)]. But for
a heatsink with thermal resistance of 10.6 ◦C/W, its temperature
should be decreased by 56.0 ◦C [Fig. 9(b)].
Two important points to note are as follows:
1) for a given current and heatsink, the peak wavelength–
temperature sensitivity of the LED under a dc drive is
lower than that under a bilevel drive, as reflected in Figs. 7
and 9;
for example, for a current of 0.54 A and a thermal resis-
tance of 1.6 ◦C/W, in order to reach the same minimum
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Fig. 9. Measured CCT of an LED under a bilevel drive (Ihigh = 0.64 A, Ilow
= 0.04 A) for a heatsink of thermal resistance (a) 1.6 ◦C/W and (b) 10.6 ◦C/W,
with and without temperature control.
point of the CCT, the temperature of the LED under a dc
drive is decreased by 15.2 ◦C and that of bilevel drive is
decreased by 23.0 ◦C;
2) an LED under a dc drive requires less thermal energy to
achieve its CCT stabilization than that under the bilevel
drive.
B. CCT Shift Reduction Under Dynamic State
Fig. 10 shows the dc-driven curve and three sets of bilevel
driven curves with the same average current for an LED mounted
on heatsinks with low [Fig. 10(a)] and high [Fig. 10(b)] ther-
mal resistance. The flux difference ΔΦ 12 and temperature
difference ΔTj 12 between different bilevel current pair am-
plitudes with the same average current (constant duty cycle)
increase when the thermal resistance of heatsink increases be-
cause the device operates at a higher current Ihigh which has a
lower energy-efficiency operating point (higher kh and junction
temperature).
The measured CCT versus current curve is of a similar
parabolic nature to the theoretical function and, therefore, there
are two current points Ilow and Ihigh which give the same CCT
in the dc driving method. Due to the dynamic switching ac-
tions of the bilevel driving method, its CCT variation function
will be different from that of the dc driving method, as shown
in Fig. 11(a) and (b). As the junction temperatures resulting
from Ilow Bi(1) and Ihigh Bi(1) in the bilevel driving method
are, respectively, higher and lower than that of Ilow dc(Tj l) and
Ihigh dc(Tj h) in the dc driving method, the CCT of the former
will be, respectively, higher and lower than that of the latter.
While the current injected into the device has two amplitudes
(Ilow Bi and Ihigh Bi) in the bilevel drive, the average current
(Iave Bi(1) and Iave Bi(2)) is still dependent on the duty cycle.
Several points should be noted:
1) the variation trend for CCT versus current is dependent not
only on the average current of the bilevel driving method,
but also on the junction temperature;
2) for a given constant average current, the CCT variation is
dependent on the bilevel current amplitude. As shown in
Fig 11(a), with a constant average current of Iave Bi(1) , if
the current amplitude of Ilow Bi(1) is lower than that of
Ilow Bi(1 2) , the junction temperature of Ilow Bi(1) will be
higher than that of Ilow Bi(12 ) due to nonlinear relationship
of the luminous flux–current, as shown in Fig 10(a);
3) the inflection region of the CCT variation curve is depen-
dent on the thermal resistance of the heatsink.
The CCT dynamic performance of the LED under the bilevel
drive is explored using a low and high current that is set with a
constant duty cycle of D = 0.5 and changing at a frequency of
1 Hz. Fig. 11(c) shows the measured CCT variation of the LED
under the 1-Hz bilevel drive for a different heatsink thermal
resistance of 1.6 ◦C/W and 10.6 ◦C/W under thermal equilib-
rium. With a thermal resistance of 1.6 ◦C/W, the CCT variation
is about 176 K with the current switching between Ihigh =
0.342 A and Ilow = 0.04 A. It could be reduced to 45 K if Ihigh
= 0.51 A and Ilow = 0.12 A. If the thermal resistance increases
to 10.6 ◦C/W, the CCT variation is about 213 K with the current
switching between Ihigh = 0.592 A and Ilow = 0.172 A, and is
reduced to 42 K if Ihigh = 0.466 A and Ilow = 0.165 A.
From the results, the following observations are noted:
1) CCT is not constant between the high and low currents.
However, the overall CCT variation can be significantly
reduced with a proper choice of dimming current range
and it could be kept small over the full dimming range;
2) a smaller dimming current range does not necessarily lead
to a smaller CCT change (since the dimming current range
cuts across the inflection point of the parabolic curve given
in Fig. 6);
3) if the thermal design is constricted by space such that the
inflection point of the CCT variation curve occurs at a
lower power, then the LED system should be designed to
operate with a narrow dimming range.
V. CONCLUSION
The color-shift properties of white LEDs under the dc and
bilevel drives are discussed using a simplified peak-wavelength
model proposed in this paper. This model is based on a sim-
ple transitional photon energy model for LED and can be used
to predict the inflection point of peak wavelength variation.
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Fig. 10. Typical characteristics of luminous flux of LED under dc and bilevel current drive with different heatsinks of (a) low thermal resistance and (b) high
thermal resistance.
Fig. 11. Measured CCT versus current of cool-white LEDs under dc driving and bilevel driving methods with constant duty cycle and average current with
heatsinks of thermal resistance of (a) 1.6 ◦C/W and (b) 10.6 ◦C/W. Measured CCT of LEDs under a 1-Hz bilevel driving method with heatsinks of thermal resistance
of (c) 1.6 ◦C/W and (d) 10.6 ◦C/W.
Analytical study shows that the variation of the drive current
and junction temperature have opposing effects on the changes
of the peak wavelength and therefore the CCT. It is emphasized
that the CCT of the LED is a complex relationship between the
drive current level, duty cycle, thermal resistance, heat dissipa-
tion conversion ratio, and the physical parameters of the LED
device. It is found that, for a given thermal design, reduction
in CCT variation of an LED over a dimming range is possible
by adjusting the combination of the current levels and the duty
cycle. Reduction of CCT variation over a dimming range under
both steady and dynamic states has been practically achieved.
The proposed method can be easily adopted for improving the
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CCT stabilization of the white LED systems. The results also
show that an LED system under a dc drive requires less thermal
energy for stabilizing the CCT than that under a bilevel drive.
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